1. Removal of Mg2+ from Escherichia coli (lacZ) f-galactosidase slightly increases the rate of hydrolysis of galactosyl pyridinium salts, but decreases the rate of hydrolysis of aryl galactosides. 2. Fair correlation of log kca,. and log (kcat.IKm) with the pKa of aglycone is now observed for aryl galactosides, as well as for glycosyl pyridinium salts. 3. Degalactosylation of Mg2+-free enzyme is the rate-limiting step in the hydrolysis of 2,4-dinitrophenyl galactoside. 4. a-Deuterium kinetic isotope effects for both sets ofsubstrates are consistent with the rate-determining generation of a glycosyl cation. 5. The pH-independent, SN1 hydrolysis of 3,4-dinitrophenyl galactoside has been measured: it is as fast as that of the galactosyl 3-chloropyridinium ion. 6. Hydrolysis of these two substrates by Mg2+-free enzyme proceeds at very similar rates. 7. It is concluded that loss of both types of aglycone takes place, without acid catalysis, from the first ES complex of substrate and apoenzyme. 8. Data for galactosyl azide and thiopicrate confirm that neither charge nor change of atom is the cause of the differences in behaviour between aryl galactosides and galactosylpyridinium salts.
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The lacZ f-galactosidase of Escherichia coli is a metallo-enzyme, bivalent metal cations, such as Mg2+ or Mn2+, being required for maximal activity against 2-nitrophenyl galactoside (Tenu et al., 1972) . One Mg2+ cation per subunit of the tetrameric enzyme is bound (Case et al., 1973) . Most kinetic measurements have hitherto been made on the Mg2+-saturated enzyme.
We have discovered a novel class of synthetic substrates for this enzyme, the fi-D-galactopyranosylpyridinium salts (Sinnott & Withers, 1974) . The assistance of an electrophile or acid to the departure of pyridine is structurally impossible, and adeuterium kinetic isotope effects discount the direct participation of a nucleophile. These enzymecatalysed unimolecular reactions are nonetheless 101-1012.5 faster than the same SNI reactions in free solution . A short preliminary note that removal of Mg2+ slightly increased the activity of the enzyme towards the pyridinium salts has appeared . The contrast in behaviour of these and conventional substrates extends to the molecular nature of the first step after formation of the initial complex of substrate and Mg2+-enzyme. This is bondbreaking in the case of the pyridine salts (Sinnott & Withers, 1974) , but a conformation change in the case of aryl galactosides (Sinnott & Souchard, 1973; Fink, 1977 (Case et al., 1973) . A hypothesis that accommodates these findings is that the conformation change is the Mg2+-mediated correct placing of an acid-catalytic group. We now report experiments that verify this hypothesis.
Experimental lacZ i-galactosidase
Enzyme from three sources was used. It was isolated from constitutive mutant 2E01 (Tenu et al., 1971) or merodiploid strain A324-5 (Fowler, 1972) , essentially by the method of Craven et al. (1965) C12H14N20jo,H20 requires C, 39.6; H, 4.4, N, 7.7 % Latham et al. (1950) (Found: C, 46.6; H, 4.3; N, 5.1; C20H22N2014 requires C, 46.7; H, 4.3 , N, 5.5%).
2,4,6-Trinitrophenyl 1-thio-f3-D-galactopyranoside.
Qualitative observations on the f-galactosidasecatalysed hydrolysis of this compound have been reported (Wallenfels et al., 1964) , but no quantification of the enzymic process or characterization of the substrate has since appeared. Picrylation (Sinnott & Whiting, 1971 ) of 2,3,4,6-tetra-0-acetyl-1-thio-fi-D-galactopyranose (Cerny et al., 1963) afforded 2,4,6-trinitrophenyl 2,3,4,6-tetra-0-acetyl- (Sinnott & Withers, 1974) or with oxygen aglycones (Sinnott & Souchard, 1973) have been described. Enzyme kinetic measurements Mg2+-free enzyme was obtained by dialysing the (NH4)2SO4 slurry of the enzyme for 36h at 4°C against a solution of final pH 7.0 (1000vol.) containing 145mM-NaCl, 33mM-sodium phosphate and l0mM-EDTA, which was changed twice. This medium was used for kinetic studies with apoenzyme. For holoenzyme 100mM-sodium orthophosphate, pH 7.0, containing 1 mM-MgCI2 was used. The spectrometer, calculation of results, wavelengths and absorption coefficients for measurement of isotope effects and Michaelis parameters have been described (Sinnott & Souchard, 1973; Sinnott & Withers, 1974) with the exception of 3,4-dinitrophenyl galactoside and galactosyl thiopicrate. Hydrolysis of 3,4-dinitrophenyl galactoside was followed by change of A400, and that of galactosyl thiopicrate by change of A390; extinction coefficient changes were respectively 1.2 x 104 and 8.6 x 103 litre*moll'*cmr1.
This last value was obtained by complete hydrolysis of the substrate with increasing amounts of enzyme until no further increase in maximal absorbance was apparent. Air oxidation of thiopicrate anion rapidly decreases the observed absorbance. Spontaneous hydrolyses These were measured as described previously , but the reaction was monitored by the change of A400. Results kcat. values for hydrolysis of the pyridinium salts by apoenzyme, as for holoenzyme, substantially represent rates of C-N bond cleavage. This is shown by their simple dependence on pyridine pKa (see Table 2 for 'goodness of fit' parameters) and an a-deuterium kinetic isotope effect (kHIkD) of 1.17 + 0.03 for the unsubstituted salt. This isotope effect is the same, within experimental error, as that for its hydrolysis by holoenzyme (Sinnott & Withers, 1974) or for its spontaneous SNI hydrolysis , and indicates the intermediacy of a galactosyl cation.
There is, however, apparently a significant difference in the value of the slope (fh1) of the logkcat. Kortum et al. (1961) and those for pyridines from that of Perrin (1972) .
We originally attributed this to a 'Hammond postulate' effect on the basis of the expected decrease in selectivity towards leaving ability consequent upon the higher reactivity of the ES complex with apoenzyme . It has since been shown that, for 2,4-dinitrophenyl galactoside hydrolysed by apo-as well as holo-enzyme, degalactosylation is rate-limiting (see under 'Hydrolysis of aryl galactosides by apoenzyme'). There is thus an error factor of 0.2-0.3 log units introduced by assuming kcat. and rates of bond cleavage are identical for the two fastest substrates hydrolysed by apoenzyme. If this is accounted for, either from kcat. = k+2k+3/(k+2 + k+3), or by correlating log kcatl/Km with the pKa of aglycone, a similar value of 8ig for apoenzyme to that for holoenzyme is obtained.
The similarity of kca,. and Km values for the pyridinium salts with and without Mg2+ means that the presence of this cation does not alter any free-energy difference on the reaction profile for the enzymic Vol. 175 hydrolysis of these salts (Case et al., 1973) . Secondly, Mg2+ is in any event a poor electrophile. Thirdly, removal of Mg2+ decreases kca,. for galactosyl azide from 44s-1 (Sinnott, 1971) to 0.22s-'. Bond breaking is ratelimiting with holoenzyme for this substrate (Sinnott & Withers, 1974) . Mg2+, however, forms much stronger complexes with oxygen ligands than with nitrogen ligands, and would be expected to give much less assistance to the departure of azide than to the departure of a phenol. The data on galactosyl azide also show that the contrasting behaviour towards aryl galactosides and glycosylpyridinium ions, of holoenzyme and apoenzyme, arises from the susceptibility or otherwise of the aglycone to proton donation, and not from the elements (N or 0) in the bond cleaved.
Hydrolysis of aryl galactosides by apoenzyme
The rate-limiting step in the hydrolysis of 2,4-dinitrophenyl galactoside is degalactosylation. This was shown by nucleophilic competition with methanol (Viratelle & Yon, 1973; Sinnott & Viratelle, 1973) . If the kinetics of the enzyme are analysed by the simple two-step mechanism: Mg2+-free enzyme is determined by pKa indicates that, not only is the bond-breaking step rate-limiting, it is also the first step after formation of the Michaelis complex, as for hydrolysis of the pyridinium salts. Nonetheless, correlations are poorer than with the pyridinium salts. This difference may arise because aglycone rotation is possible about both glyconeoxygen and aglycone-oxygen bonds for aryl galactosides, but only about the carbon-nitrogen bond for pyridinium salts.
(ii) Value of /l3. It is widely stated (e.g. Capon, 1971) that general acid catalysis of the departure of phenols from aryl acetals gives rise to a Hammett p value of approx. 1 [corresponding to a ,6l, value of 0.45 (Barlin & Perrin, 1966) ]. However, a detailed study of the general acid-catalysed hydrolysis of benzaldehyde methyl aryl acetals (Capon & Nimmo, 1975) .
The fl, value for the spontaneous SN1 hydrolyses of aryl galactosides has been estimated as around 1.07 , and references therein).
Therefore a value of 81, derived from log (kcat.IKm) for aryl galactosides hydrolysed by Mg2+-free enzyme of 1.07 x 0.87/1.26 (see Table 2 ) is predicted. The value (0.74) thus calculated is in fair agreement with the observed value (0.60). Because kca, for 3-chloroand 3-bromo-pyridinium salts approaches the degalactosylation rate, the apparent value of P1, derived from log kca,. for the pyridinium salts in the absence of Mg2+ does not truly represent that for breaking C-N bonds. However, the kcat. value of 3,4-dinitrophenyl galactoside also approaches the degalactosylation rate. The observed crude PBi, value for aryl galactosides (0.52) can then be compared roughly with a predicted crude i,g value of (1.07 x 0.72/1.26 = 0.6).
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The values of ',t for the hydrolysis of the pyridinium salts were originally based on rather extended arguments held to support an SNI, rather than an SN2, mechanism for the enzyme hydrolysis of these salts. Recent data confirm the correctness of this argument. An unambiguous SN2 displacement of substituted pyridines from their quaternary salts is characterized by a ,Blg value of 0.39 (Berg et al., 1976) .
(iii) a-Deuterium kinetic isotope effects. Fig. 3 shows a plot of the a-deuterium kinetic isotope effects for a series of aryl galactosides hydrolysed by Mg2+-free enzyme. The line is that predicted by a two-step mechanism for which (k+2)H/(k+2)D = 1-09 and (k+3)H/(k+3)D= 1.21, and all the points, within experimental error, conform to this relationship.
The isotope effect on degalactosylation of apoenzyme is the same as that on holoenzyme, within experimental error (Sinnott & Souchard, 1973) . Our rationalization of this effect in both cases is that the galactosyl-enzyme consists of an unreactive covalent a-galactosyl-enzyme in rapid equilibrium with a small proportion of ion-paired reactive species. The observed isotope effect is then the product of a direct isotope effect on the equilibrium and an inverse isotope effect on the hydrolysis of the ion-pair. Lewis & Wolfenden (1977) have recently shown that the magnitude of the a-deuterium equilibrium isotope effect for the hydration of acetaldehyde is of the right magnitude (KHIKD= 1.37; K= [CH3CHO]/ [CH3CH(OH)2]) for the model to be quantitatively, as well as qualitatively, plausible. The hydration of acetaldehyde is a good model for the reversible addition of an oxygen nucleophile such as carboxylate (Legler, 1973) to a glycosyl cation.
The isotope effect on the first step in the hydrolyses of aryl galactosides by apoenzyme indicates that 1 this involves bond breaking, although its magnitude is not really informative as to whether the reaction involves the intermediacy of a glycosyl cation. The ring oxygen atom makes existing theoretical calculations of the magnitudes of these effects, based on hydrocarbon systems, inapplicable. Indeed, Lewis & Wolfenden (1977) have measured a significant difference in the a-deuterium equilibrium isotope effect for the addition ofwater and 2-mercaptoethanol to acetaldehyde.
There is chemical precedent, however, for thinking that the 9 % a-deuterium kinetic isotope effect observed on k12 is compatible with the departure of an anionic leaving group from a glycosyl cation in an SNI reaction, although some nucleophilic assistance cannot be discounted. Departure of 2,4-dinitrophenolate is associated with an a-deuterium kinetic isotope effect of 1.11 [calculated from Cocker & Sinnott (1976) assuming T ln (kHIkD)= constant] as is departure of H2PO4-[calculated from Firsov et al. (1974) assuming 1.44 In (kHIkD) = In (kH/kT)]. Mohr et al. (1973) observed an a-tritium kinetic isotope effect of 1.10 (at 50°C) on the spontaneous hydrolysis of 4-nitrophenyl 2-acetamido-2-deoxy-f,-D-glucopyranoside. This corresponds to an adeuterium kinetic isotope effect of 1.08 at 25°C. These authors considered such an isotope effect too big for direct intramolecular displacement of 4-nitrophenolate by amide, and too small for a simple SN1 departure of leaving group. They proposed rather that displacement of 4-nitrophenolate by amide took place in the reversibly formed intimate ion-pair of glycosyl cation and 4-nitrophenolate. It is always possible that such an SN2(ip) mechanism is operating with apoenzyme, the nucleophile being the counter-ionic group.
The a-deuterium kinetic isotope effect for 2-nitrophenyl galactoside is reliable only in the absence of Mg2". In its presence the observed a-deuterium kinetic isotope effect decreases with time. T.l.c. examination [cellulose plates in methanol/water (9:1, v/v) as eluent] of old solutions of this substrate reveal the presence of a slower-moving impurity if Mg2+ is present, but not in its absence. More impurity is formed from protiated than from deuterated substrate (Withers, 1977) . These observations have a rational, if not unique, explanation in the known [see Dopp & Sailer (1975) ] abstraction of adjacent alkyl hydrogen atoms by the nitro groups of ortho-nitroaryl compound; such a process on the anomeric hydrogen of 2-nitrophenyl galactoside will be subject to a primary isotope effect. The known (Angyal, 1974) complex-formation of Mg2+ by sugars then presumably occurs in such a way as to fix the glycoside in a favourable conformation for hydrogen transfer; alternatively traces of transition-metal cations could be removed by the EDTA necessary for work with apoenzyme and these traces could catalyse the hydrogen transfer. These data, however, mean that 2-nitrophenyl glycosides should not be used as standard substrates for the determination of glycosidase activities were more than about 10 % accuracy is required.
(iv) Absolute rate enhancement of the hydrolysis of 3,4-dinitrophenyl galactoside by apoenzyme. The spontaneous pH-independent hydrolysis of 2,4-dinitrophenyl galactoside has been observed (Cocker & Sinnott, 1975) , but kcat. for its hydrolysis by ,Bgalactosidase represents decomposition, rather than formation, of the galactosyl-enzyme. Data on the pH-dependence of the non-enzymic hydrolysis of 3,4-dinitrophenyl galactoside are given in Table 3 . The pH-independent rate, which extrapolates to 8 x 10-s-' at 25°C, is characterized by the near- of carboxypeptidase (Jencks, 1975; Breslow & Wernick, 1976) .
The rate enhancement achieved by acid catalysis will vary with the nature of the leaving group. Since kcat. is close to the bond-breaking rate for hydrolysis of galactosyl azide by Mg2+-enzyme (Sinnott & Withers, 1974) , and presumably represents it for hydrolysis by apoenzyme, the ratio (200) (Winstein et al., 1957; Bentley & Schleyer, 1976) .
As the aglycone becomes more basic, the rate E-ac-Gal XE+i,-GaIX IE E.i-Ga]X E.Gal+ ROH E + -GalOR E-,B-GalX
HX
The pathway via E /3GaIX* is taken by substrates susceptible to acid catalysis in the presence of Mg2+. The identification of the conformation change between E.fiGalX and E ./GalX* as the correct placing of an acid-catalytic group means that, if Xis a good enough leaving group, loss of aglycone from the first ES complex will take place even if, in principle, the departure of HX can be acid-assisted.
An active-site-directed irreversible inhibitor labels a catalytically inessential Met-500 residue (Sinnott & Smith, 1978) , but the electrostatic effect of the ionization of the adjacent residue, Tyr-501, is reflected in the ratio of binding constants of the isosteric ligands fB-D-galactopyranosylpyridinium ion and fl-D-galactopyranosylbenzene (Withers, 1977) . The phenolic hydroxy group of Tyr-501 is then a probable acid-catalytic group. Further, if the conformation change is associated with the motion of a tyrosyl side chain, then these two mechanistic features have precedents in the favoured mechanism Vol. 175 acceleration attributable to acid catalysis will increase (cf. Capon & Nimmo, 1975) . A very rough lower limit for its importance for the hydrolysis of methyl galactoside can be made; kca,. for its hydrolysis by Mg2+-enzyme is 102 ls- (Tenu etal., 1971) , but an O-glycoside from an aglycone of pKa [15] [16] (Ballinger & Long, 1960) is estimated from Fig. 1 to have a kcal. for hydrolysis by apoenzyme of 10-3s-.
The resultant rate ratio (101) is a lower limit to the contribution of acid catalysis to the enzyme since kcat. for the hydrolysis of methyl galactoside may still represent the conformation change, but is close to the rate accelerations observed in many systems considered to be models for lysozyme (Dunn & Bruice, 1973) .
The importance of proton transfer to sulphur will be much less than that to oxygen, and this importance will be still further decreased by conjugation of the sulphur atom with a strongly electron-withdrawing substituent (cf. Fife & Anderson, 1970) . The hydrolysis of galactosyl thiopicrate was therefore examined as a possible example of a neutral substrate for which acid catalysis of aglycone departure was of minimal importance. The ratio between kca., for hydrolysis by Mg2+-enzyme and kca,t. for hydrolysis by apoenzyme for this substrate is indeed the lowest for any neutral substrate.
